INTRODUCTION

20
Optimal reservoir operation can be framed as a control problem 2007), which, for reservoir operation, has been typically solved using methods from the Raso, Luciano
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50
show an application on a test case adapted from Manantali Reservoir, on the Senegal River.
51
METHOD
52
Consider a water system composed of N x reservoirs that is operated by N u discharge 53 decisions. Discharge decisions are diversions from rivers and releases from reservoirs. A 54 reservoir may have multiple releases (by different structures or for different users). The 55 system is influenced by N d streamflows.
56
We start from framing the reservoir operation problem in control terms. Problem (1) 57 define the optimal control problem for a reservoir system.
Subject to:
0 ≤ u t ≤ u max (1c)
x t=0 given (1g) no methods from the dynamic programming family overcomes effectively both limitations.
Evolutionary algorithms for reservoir operation are methods for non-linear optimization used 93 to optimise some parameters that define the release policies (Nicklow et al. 2009; Reed et al. 94 2013), but their application to large systems has been little tested.
95
Model Predictive Control (MPC) is an alternative control method to tackle Problem (1).
96
In MPC, at each control instant t, the control actions are obtained by solving on-line, i.e.
97
at each control time-step, the following optimal control problem.
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110
MPC is an on-line, or "real-time", technique, meaning that Problem (2) Equation (3) shows input structuring using basis function.
where f i (k) are fixed time-variant functions and λ i ∈ R Nu are their weights, selected with 148 an optimization procedure.
149
Basis functions can represent a smooth signal using few parameters λ i , being therefore affected by other sources of complexity related to the system size or the number of objectives.
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State constraints, as in inequalities (1d) are integrated as soft constraints, such that We use triangular basis function because of their simplicity to be communicated and to
189
be defined from few parameters. Equations (6) define a generic triangular basis function i.
Each triangle i is determined by its peak instant, T i , its left base, L i , and its right base Basis function accuracy must be progressive going ahead on time, this progression de-196 pending on the system characteristics. We give here some general indications for triangular 197 functions, highlighting the advantages of some specific shapes.
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203
Sufficiently far from present condition, periodicity becomes dominating. For t > P , where
204
P is the system periodicity, triangles having L i and R i equal to P/2 are able to follow the 205 periodic trend. In this part of the horizon, T should be equal to P × j and multiple of 206 P × (j + 1/2), where j is an integer going from zero to the number of years contained in the 207 control horizon. Selection of independent triangles, such that L i+1 = R i , and
makes constraints independent.
209
TEST CASE
210
The method is tested on a system adapted from Manantali reservoir case. Manantali 211 is located in Mali, on the Senegal River, presently used mainly for electricity production.
212
Plans for agro-business on the Senegal River valley could change the management in the 213 short future (Fraval et al. 2002) . In this case, the objective of energy production must be 
216
The reservoir is modeled by the continuity equation as in Equation (4b). The system 217 disturbance is the uncontrolled inflow, d t , which is the observed discharge at Soukoutali.
218
The system controls are the release through the turbines, u 
229
Where B t , representing the forecast reliability, is the product of the inflow autocorre- represented by the cost function, gt tg , in Equation (8b): keeping the total discharge as close 240 as possible to the target flow, q tg = 200m 3 /s, attains both flood and drought prevention.
241
The electricity production is proportional to the product of hydraulic head into discharge ). The Objective function for energy production will be, instead, Equation (8a), which 247 is the function for energy production linearized as in (Raso et al. 2015) . In Equation (8a), 
The aggregated objective function g t , in Equation (8c) Equation (4a) is set to 0.973, selected to be close to zero at the end of the 3 year horizon.
255
The reservoir average residence time is in fact about one year. The system state, at the end
256
of the 3 year optimization horizon, contains a negligible trace of the initial system state.
257
The final state, having little influence on the first release decision, can be weighted much 258 less in the optimization. Other values may be tested to analyse the results sensitivity to 259 this parameter. We use 10 independent triangles, defined by T i , S i , and L i as in Table   260 1. Triangles are selected so that the resulting composition has a higher degree of freedom, 
265
Results
266
To evaluate the proposed method, we analyze both the role of input structuring and that
267
of uncertainty, isolating their effects in departing from the optimal solution. We consider 268 three solutions: i) Infinite Horizon MPC using triangular input structuring and realistic fore- Author-produced version of the article published in Journal of Irrigation and Drainage Engineering-ASCE, 2017, N°143(3) The original publication is available at http://ascelibrary.org Doi: 10.1061/(ASCE) IR.1943-4774.0001063 due to input structuring. In the third case, solving the optimal control problem requires a large computation time, and it is not applicable in reality. This experiment serves, however,
274
as upper boundary of system performance. We use some indicators to measure performance: 275 i) Average yearly energy production, for electricity production, ii) days per year when flow is 276 lower than 100 m 3 /s, for drought prevention, iii) days per year when flow is larger than 800 277 m 3 /s, for flood prevention, and iv) the quadratic distance from the target discharge, as used 278 within the objective function, for both drought and flood prevention. The first indicator is 279 to be maximized, the others to be reduced. We run a four-year simulation, from the 1st to a reduction of system performance. Performance loss is relatively small if compared to 285 the loss due to the presence of a relevant uncertainty for energy production, and comparable
286
for flood and drought prevention indicator. Simulation using input structuring and realistic 287 forecast, if compared to simulation using input structuring and perfect forecast, shows a 288 small deterioration on drought prevention, which is a slow, predictable process. On the 289 other hand energy production, which is a combination of short-long term goals decreases 290 moderately. Flood prevention, being the effect of a faster and less predictable process, shows 291 a major worsening. Results from simulation using structured and un-structured inputs, both 292 using perfect forecast, are nearly equivalent, suggesting that input structuring can be applied 293 with little effect on results. The performance loss can be reduced by increasing the number 294 of basis function (i.e. triangles), even if this will lead to an increase of computational time.
295
Using the interior point method in a Matlab optimizer, on a processor 2,9 GHz Intel Core 296 i7, the computation time required to find a solution was 12-20 seconds for the case using 297 input structuring, and about 4 hours for the case without input structuring. The latter is 298 patently unacceptable for practical application.
299
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Author-produced version of the article published in Journal of Irrigation and Drainage Engineering-ASCE, 2017, N°143(3) The original publication is available at http://ascelibrary.org Doi: 10.1061/(ASCE) IR.1943-4774.0001063 Figure 3 shows discharge decisions and reservoir volume for the first year of closed-loop simulation. Discharge decision on simulation using real forecast is noisy: decision is influ-301 enced by the random extraction of a future discharge scenario. Discharge increases in early 302 august, as precautionary measure, in anticipation to an high flow which eventually does not 303 occurs. The reservoir filter out the high frequency variability of release decisions and inflow.
304
Reservoir volume on simulation using real forecast is, on the rising part, lower than volume 305 on simulation using perfect forecast, using less efficiently the reservoir capacity. Figure 3   306 shows the presence of few small violations on volume constraint, due to the implementation 307 of volume constraints as soft ones. In this system, in fact, constraints on the reservoir volume 308 represent a legal, rather than a physical condition, therefore small violations are acceptable. 
